The structure of a single-layer graphene on Ru͑0001͒ is compared with that of a single-layer hexagonal boron nitride nanomesh on Ru͑0001͒. Both are corrugated sp 2 hybridized networks and display a band gap at the K point of their 1 ϫ 1 Brillouin zone. In contrast to h-BN/ Ru͑0001͒, g / Ru͑0001͒ has a distinct Fermi surface. Together with the band structure measurements this indicates that 0.1e per 1 ϫ 1 unit cell are transferred from the Ru substrate to the graphene. Photoemission from adsorbed xenon on g / Ru͑0001͒ identifies two Xe 5p 1/2 lines, separated by 240 meV, which reveals a corrugated electrostatic potential energy surface like on h-BN/ Rh͑111͒. These two Xe species are related to the topography of the template and have different desorption energies.
I. INTRODUCTION
A single layer of an adsorbate strongly influences the physical and chemical properties of a surface. Sticking and bonding of atoms and molecules may change by orders of magnitude as well as the transport properties across and parallel to the interface. For developments in nanotechnology it is particularly useful to have single-layer systems which are inert, remain clean at ambient conditions, and are stable up to high temperatures. In this field sp 2 hybridized graphene ͑g͒ and hexagonal boron nitride ͑h-BN͒ are outstanding examples.
1,2 On ruthenium both form perfect single layers, where the lattice mismatch between the substrate and the adsorbate causes two-dimensional regular superstructures with a lattice constant of about 3 nm. [3] [4] [5] [6] A layer of hexagonal boron nitride on Rh͑111͒ ͑Ref. 2͒ and Ru͑0001͒ ͑Ref. 6͒ which was coined h-BN nanomesh is now considered to be a corrugated single-layer dielectric. 7 In the case of the h-BN/ Rh͑111͒ nanomesh, which has an atomic and electronic structure similar to h-BN/ Ru͑0001͒, single molecules separated by 3 nm are observed after adsorption at room temperature. 7 This peculiar functionality as a template for trapping molecules might also be valid for g / Ru͑0001͒, although experimental demonstrations on this issue are missing so far.
The purpose of this paper is to establish a comparison between g / Ru͑0001͒ and h-BN/ Ru͑0001͒ in view of the electronic structure and functionality as a template. For this purpose, photoemission and density functional theory ͑DFT͒ are used. It is shown that g / Ru͑0001͒ is a metal with a sizable Fermi surface while h-BN/ Ru͑0001͒ is not. The exploration of the electrostatic potential energy landscape by photoemission of adsorbed Xe also indicates a modulation of the local work function for g / Ru͑0001͒, analog to the h-BN/ Rh͑111͒ nanomesh 8 and a concomitant template function. However, the different topography of the two systems also suggests complementary functionality.
The lattice mismatch M of the laterally rigid sp 2 networks graphene and hexagonal boron nitride on different transition metals leads to superstructures with lattice constants in the sp 2 layer of a sp 2 / M, where a sp 2 is the 1 ϫ 1 lattice constant of graphene and h-BN, of about 0.25 nm. 9 Together with the coordination dependent bond strength of the adsorbate atoms to the transition metal substrate atoms, this leads to distinct atomic structures. [2] [3] [4] [5] [6] [10] [11] [12] [13] [14] [15] [16] For graphene on Ru͑0001͒ 25ϫ 25 graphene unit cells coincide with 23 ϫ 23 Ru units. 17 This large unit cell splits into four subunits of 12.5ϫ 12.5 g on 11.5ϫ 11.5 Ru cells. Each subunit corresponds to one wavelength of the corrugation of the graphene overlayer. For h-BN/ Rh͑111͒ 13ϫ 13 BN units coincide with 12ϫ 12 Rh units. 2, 18 The accompanying variation in the local coordination of the substrate and the adsorbate atoms divides the unit cells into regions with different lateral coordination. The notation ͑B,N͒ϳ͑top, hcp͒ refers to the local configuration, where a B atom sits on top of the substrate atom in the first layer and a N atom sits on top of the hexagonal-close-packed ͑hcp͒ site, which is on top of the substrate atom in the second layer. Three regions can be distinguished with atoms in ͑fcc,top͒, ͑top,hcp͒, and ͑hcp,fcc͒ configurations ͑see Fig. 1͒ . Of course, because of the mismatch these local coordinations are only approximate and the transitions between them are not sharp. Whereas h-BN has a base with two different atoms in the unit cell, the base of graphene consists of two identical carbon atoms C A and C B which become distinguishable by the local coordination to the substrate. In g / Ru the local ͑fcc,top͒ and ͑top,hcp͒ coordinations lead to close contact between the ͑C A ,C B ͒ atoms and the substrate 19 while ͑B,N͒ is strongly interacting only in the ͑fcc,top͒ coordination. 20 As a result, twice as many atoms are bound in strongly interacting regions in g / Ru when compared to h-BN/ Ru. In the following we call the strongly bound or low region of g / Ru͑0001͒ valley ͑V͒ and the weakly bound or high region with the ͑C A ,C B ͒ atoms on ͑hcp,fcc͒ sites mounds ͑M͒. The fact that ͑top,hcp͒ leads to strong bonding for graphene but weak bonding for h-BN gives rise to an inverted topography of the two layers: a connected network of strongly bound regions for graphene ͑valley͒ and a connected network of weakly bound regions for h-BN ͑wires͒.
The height in Fig. 1 corresponds to the theoretical results. It is the distance of the overlayer atoms from the average position of the first Ru layer. The value for the h-BN nanomesh on Ru͑0001͒ is larger than the presently accepted experimental value of Ϸ0.5 Å ͑Ref. 6͒ and the theoretical value of 0.55 Å for the h-BN nanomesh on Rh͑111͒. 21 For the case of g / Ru scanning tunneling microscopy ͑STM͒ indicates bias dependent mound heights of 0.7-1.1 Å ͑Ref. 3͒ and 0.2-1.0 Å. 5, 22, 23 These quantitatively conflicting results indicate how difficult the complete theoretical description of the sp 2 layers with different bonding regimes is. It has, e.g., to be expected that van der Waals bonding, which is important for the mounds of g / Ru and the wires of h-BN/ Ru, is less well described by DFT than the strongly bound regions. We emphasize that theory predicts the correct shape of the sp 2 layer corrugations while the absolute values of the heights that are reflected in the band splittings and the electrostatic potential corrugation are too large if compared with the experiment. The recent structure determination of g / Ru͑0001͒ ͑Ref. 17͒ relied on the theoretical results of the graphene corrugation 19 but demonstrated a substantial Ru substrate reconstruction. An unambiguous experimental sp 2 layer corrugation determination by structural methods will involve low-energy electron diffraction ͑LEED͒, atomic force microscopy, or He diffraction.
II. EXPERIMENT
The angle-resolved photoemission experiments were performed in a modified VG ESCALAB 220 ͑Ref. 24͒ using monochromatized He II ␣ radiation with a photon energy of 40.8 eV. The xenon experiments were accomplished in the COPHEE endstation 25 at the Surface and Interface Spectroscopy beamline at the Swiss Light Source with monochromatized He I ␣ radiation of 21.2 eV photon energy. A singlelayer graphene has been grown by thermal decomposition of 30 L ͑1 L=10 −6 Torr s͒ ethene ͑C 2 H 4 ͒ on the 1100 K hot Ru͑0001͒ surface which had been cleaned by repeated Ar + sputtering and annealing cycles. The h-BN nanomesh has been formed in a similar manner by decomposing 40 L of borazine ͑HBNH͒ 3 on the 1030 K hot substrate. The formation of the superstructures was confirmed by LEED and STM.
III. THEORY
Ab initio calculations were performed with the VASP package based on DFT, which implements projector augmented wave ͑PAW͒ pseudopotentials 26 and the Perdew-BurkeErnzerhof ͑PBE͒ exchange-correlation functional in the generalized gradient approximation ͑GGA͒. 27 The structural calculations of g / Ru were performed with a 12ϫ 12 g on 11ϫ 11 Ru supercell. It was tested that the results for a 13ϫ 13 g on 12ϫ 12 Ru supercell were very similar so that the actual 12.5ϫ 12.5 g on 11.5ϫ 11.5 Ru supercell also must be well described. For h-BN/ Ru a 13ϫ 13 BN on 12 ϫ 12 Ru supercell was used. One layer of g ͑BN͒ on a three layer Ru slab with the g ͑BN͒ layer and the first Ru layer relaxed was investigated. The effective vacuum region was larger than 7.5 Å. For the band structure calculations epitaxial 1 ϫ 1 g or BN/Ru structures were investigated with the lattice constant of graphene kept fixed at the calculated value FIG. 1. ͑Color online͒ Views of the height modulated graphene ͑g͒ and h-BN nanomesh ͑BN͒ on Ru͑0001͒, as obtained from a DFT calculation for both systems. M and V denote mounds and valleys of the graphene, H and W holes and wires of the h-BN nanomesh. The six ball model panels illustrate the three different regions ͓͑fcc,top͒, ͑top,hcp͒, and ͑hcp,fcc͔͒ which can be distinguished in both systems ͑see text͒.
for free-standing graphene, a four-layer Ru slab with the lattice constant adjusted, a 36ϫ 36ϫ 1 k sampling, and 400 eV cutoff. 28 The electrostatic potential calculation has been performed with one g layer on both sides of a five-layer Ru slab with the same lateral periodicity as for the structural calculations and the vertical positions as they result from the latter. The whole supercell had a vertical height of 50 Å leading to an effective vacuum region larger than 30 Å.
IV. RESULTS AND DISCUSSION
The hybridization of the carbon p z orbitals with the substrate atoms breaks the symmetry between the C A and the C B atoms. This is reflected in the band structure where a large band gap opens at K. Figure 2͑a͒ shows the measured band structure for g / Ru͑0001͒ along ⌫ K. At K the band levels off at a binding energy of 4.6Ϯ 0.1 eV. The strong hybridization is in line with observations on g / Ni͑111͒. 29 The experiment is in good agreement with calculations for a 1 ϫ 1 graphene sheet 2.2 Å above the topmost Ru layer with ͑C A ,C B ͒ϳ͑top, hcp͒ ͓Fig. 2͑b͔͒. Calculations with ͑C A ,C B ͒ϳ͑hcp, fcc͒ 3.7 Å above the Ru top layer result in a shift of the carbon derived bands to lower binding energies. The and ‫ء‬ bands get connected with Dirac cones at K, as it is expected for freestanding graphene 30 ͓Fig. 2͑c͔͒. The experiment does not, however, indicate a band splitting, which is two different bands for high and low graphene. With a recent paper on a C 1s core-level splitting as measured with x-ray photoelectron spectroscopy ͑XPS͒ in g / Ru͑0001͒ ͑Ref. 16͒ that was assigned to the high and low regions, this suggests that the high regions are electronically linked to the low regions in a way that hampers the free graphene picture as it emerges in Fig. 2͑c͒ . The same section of k-space for h-BN/ Ru͑0001͒ is shown in Fig. 2͑d͒ . The band levels off at a binding energy of 5.4Ϯ 0.1 eV. Calculations for a 1 ϫ 1 ͑B,N͒ϳ͑fcc, top͒ sheet 2.2 Å above the topmost Ru layer describe the global characteristics of the bands and the band of h-BN on Ru well ͓Fig. 2͑e͔͒. For the case of the h-BN nanomesh, a band splitting is observed in experiment and theory ͓Figs. 2͑d͒-2͑f͔͒, which is also consistent with the N 1s core-level splitting. 31 This signifies an intriguing but important difference between graphene and the h-BN nanomesh on Ru͑0001͒, and is proposed to lie in the difference in the atomic and the electronic structure ͑see below͒. Theory additionally shows that the two atoms in the base of the sp 2 networks have a different p z weight on the different bands. For the case of h-BN in the low region ͑holes͒, the band is mainly nitrogen derived while the unoccupied ‫ء‬ band has its main weight on the boron atoms. For graphene in the low region ͑valley͒ only the C B atom contributes to the ‫ء‬ band close to K while the band has equal portions from top and hollow site atoms. The effect of p z -d, that is C͑N͒-Ru hybridization, is reflected in the low regions ͑valley and holes͒ by states in the band gap that are mainly C A ͑N͒-Ru derived. In the case of the high regions of graphene ͑mounds͒, the two carbon atoms are degenerate again, and consequently C A and C B contribute in equal measures to the band. For the weakly bound BN ͑wires͒ the nitrogen and the boron atoms determine the and the ‫ء‬ band, respectively.
A distinct difference between graphene and the h-BN nanomesh is the band splitting of 0.8 eV for the BN bands that belong to the "wires" ͑ ␣ and ␣ ͒ and the "holes" ͑ ␤ and ␤ ͒, respectively ͓Figs. 2͑d͒ and 3͔. The band splitting of h-BN was assigned to the dielectric nature of h-BN and the local work function difference between the hole and the wire regions. 6 For graphene no splitting is observed, where a splitting smaller than 310 meV could not be resolved by the experiment ͓Figs. 2͑a͒ and 3͔. This can be explained by a smaller corrugation of the graphene layer or by the metallic nature of graphene. Although both systems are corrugated isoelectric sp 2 networks where atoms reside in two different vertical positions ͑low and high regions͒ which leads to distinguishable core-level binding energies, this turns out to be not sufficient to conclude on an equivalent valence band structure of g / Ru and h-BN/ Ru.
The metallicity of g / Ru͑0001͒ is reflected in the measured Fermi surface map ͑FSM͒ which is compared to that of h-BN/ Ru͑0001͒ in Fig. 4 . The FSM of h-BN/ Ru͑0001͒ shows only bands that are also seen on the bare Ru͑0001͒ surface ͑data not shown͒. On the other hand, g / Ru͑0001͒ displays states at the Fermi level that are reminiscent to the Dirac points at the K points of free-standing graphene. 30 The band structure measurements in Fig. 2͑a͒ demonstrate that these graphene related states are part of the ‫ء‬ band, which means that charge is transferred from the substrate to the graphene. The Luttinger volume of the electron pockets near K corresponds to the number of transferred electrons N e =2 / ͑3 ͱ 3͒͑⌬ K ͒ 2 , where ⌬ K is taken as the full width at half maximum of the intensity on an azimuthal cut across K, in radians ͓Fig. 4͑c͔͒. For the FSM in Fig. 4͑a͒ we find ⌬ K = 0.27Ϯ 0.03 rad, which translates to N e = 0.09Ϯ 0.02 electrons per 1 ϫ 1 graphene unit cell. Of course, this value is the weighted average for mounds and valleys.
The differences in the atomic and electronic structure are also reflected in the potential energy surfaces that drive the functionality of the superstructures as templates for the formation of molecular arrays. In Fig. 5͑a͒ the calculated electrostatic potential for g / Ru͑0001͒ at the position of adsorbed xenon atom cores ͑3.8 Å above the cores of the outermost carbon atoms͒ is shown. As for the case of the h-BN/ Rh͑111͒ nanomesh, the electrostatic energy landscape correlates with the atomic corrugation. 8 For the theoretical corrugation of g / Ru͑0001͒ of 1.5 Å, we obtain a potential amplitude of 0.52 eV. This potential amplitude may be measured with photoemission of adsorbed xenon ͑PAX͒.
32 Also for g / Ru͑0001͒ two Xe bonding regions can be distinguished with distinct Xe 5p 1/2 photoemission binding energies ͓Fig. 5͑b͔͒. Assuming a Xe van der Waals radius of 2.2 Å, 50 Xe atoms per g / Ru͑0001͒ unit cell are expected for the monolayer coverage. 17 From the spectral weight and the known atomic structure, it can be deduced that the Xe V species in i n t e n s i t y ( a r b . u n i t s ) the graphene valley has the higher Xe 5p 1/2 photoemission binding energy and contains 37 atoms at full coverage. The Xe M species with lower photoemission binding energy corresponds to Xe adsorbed on the mounds of the graphene. The binding energy difference between these two species of 236Ϯ 5 meV is determined from a fit of two Gaussians with equal width and does not depend on the coverage. This value reflects a local work function difference between V and M graphene and is in line with the theoretical result shown in Fig. 5͑a͒ . Since for h-BN/ Ru͑0001͒ no experimental PAX data are available we compare the g / Ru͑0001͒ PAX results with the similar system h-BN/ Rh͑111͒ nanomesh. 8 For both, the strongly bound regions ͑valley and holes͒ have a lower work function. However, for g / Ru͑0001͒ the local work function difference is about 20% lower than for the case of h-BN/ Rh͑111͒. Intuitively, this is related to the metallic nature of the graphene that screens out lateral electric fields in the sp 2 layer. The better screening of graphene is indeed reflected in the Xe 5p 1/2 final-state binding energy as referred to the vacuum level E B V = E B + ⌽. 33 The values in Table I show
From the thermal desorption the Xe adsorption energy is inferred. In Fig. 5͑d͒ the spectral weights of the Xe species are shown as a function of temperature ͑heating rate ␤ = 1.5Ϯ 0.05 K / min͒. The temperatures at which the two Xe species disappear indicate that Xe V is up to about 8% stronger bound than Xe M . In order to compare g / Ru with h-BN/ Rh, the temperature-dependent weights of the two Xe species were fitted to zero-order desorption. From −dN = / ␤ exp͑−E d / k B T͒dT the desorption energies E d are found ͑see Table I͒ . The values are slightly smaller than the desorption energies on graphite ͓249 meV ͑Ref. 34͔͒ but higher with respect to h-BN/ Rh. The fits for zero-order desorption show that the Xe V species are not well described with a single desorption energy ͓dashed line in Fig. 5͑d͔͒ 
